Cardiac output was varied in 6 normal dogs and in 12 dogs with oleic acid induced pulmonary oedema by inducing hyper-and hypovolaemia produced by either transfusing or bleeding 15-20 ml of blood per kg body weight from the normovolaemic state. In normal dogs, a reduction in cardiac output of 42% was accompanied by a reduction in intrapulmonary shunt (Qs/Qt) from 9.8 to 6.4%. With induced pulmonary oedema, a 35% reduction in cardiac output was accompanied by a fall in Qs/Qt from 29 to 21.6%. In another series of experiments, mixed venous oxygen saturation was varied independently of cardiac output by means of veno-venous shunting of blood through a disc oxygenator. Decreasing Sv 02 from 70 to 50% in normal lungs caused a decrease in Qs/Qt from 10.1 to 7.9% whilst in pulmonary oedema a decrease in Sv 02 from 59.3 to 32.2% produced a decrease in Qs/Qt from 28.8 to 25.7%.
Calculated right-to-left shunting (Qs/Qt) is known to be affected in a variety of situations by alterations in cardiac output. This study aims to assess the magnitude of change produced in calculated intrapulmonary shunting in canine lungs by alteration in cardiac output and attempts to assess the effect of the change in Sv O2 produced by alteration in cardiac output.
There are conflicting data in the literature on the effect of haemorrhage-induced reductions in cardiac output on pulmonary shunt. Thus, haemorrhagic hypotension has been found to be accompanied by a decrease in pulmonary shunt ratio (Qs/Qt) in normal canine lungs (Leigh and Tyrrell, 1969; Freeman and Nunn, 1963) but an increase in Qs/Qt in the presence of a collapsed lower lobe (Wahrenbrock et al., 1970) . In the clinical situation, it has been noted that patients in shock induced by a variety of aetiologies may be hypoxaemic as a result of increased shunting of blood (Border, Tibbetts and Schenk, 1968; Bredenberg et al., 1969) whilst increasing cardiac output in patients with carbon dioxide (Michenfelder, Fowler and Theye, 1966) or catecholamines (Michenfelder, Fowler and Theye, 1966; Sanders et al., 1965) leads to a rise in Qs/Qt. It is possible that these conflicts may be resolved by postulating variable contributions from the factors which regulate the distribution of blood flow in the lungs. They include the interaction between alveolar, pulmonary arterial and pulmonary venous pressures (West, 1970) , the level of alveolar Po 2 and Pco 2 (Barer, 1966; Barer, Howard and Shaw, 1970) and the chemical composition of pulmonary arterial blood (Silove, Inoue and Grover, 1968) . In addition, drugs which affect cardiac output may have a direct effect on the bronchioles and pulmonary vasculature.
We have studied the effect of change in cardiac output produced by altering blood volume on Qs/Qt in normal canine lungs and the possible contribution of change in mixed venous oxygenation as a mechanism regulating the distribution of pulmonary blood flow. Additionally, we have studied canine lungs with pulmonary oedema produced by the intravenous injection of oleic acid-a model which in some ways resembles clinical respiratory failure produced by fat embolus (Ashbaugh and Takeshi, 1968; King et al., 1971) .
METHODS

Normal dogs.
Six healthy adult mongrel dogs (wt range 16-23 kg) were anaesthetized with 30 mg/kg of pentobarbitone, paralysed with 40 mg of suxamethonium and intubated with a cuffed endotracheal tube. The animals were placed in a supine position and ventilated with 100% O, at a tidal volume of 15 ml/kg, a rate of 16/min and an inspiratory: expiratory ratio of 1:1.
Catheters were inserted into the aorta and inferior vena cava. Through the right external jugular vein, a No. 5 Swan-Ganz catheter was inserted by the flow-directed technique so that its tip lay just distal to the pulmonary valve. A second No. 5 SwanGanz catheter was inserted via the left external jugular vein into the wedge position with the balloon inflated. The first catheter was used for sampling mixed venous blood and recording pulmonary artery pressure. Aortic, pulmonary arterial and pulmonary arterial wedge pressures were recorded with appropriate electronic equipment. The baseline for the pressure transducers was taken as the level of the right atrium. Aortic and pulmonary arterial blood samples were obtained, placed immediately into ice water and analysed as soon as possible for Po 2 , Pco 2 and pH on an Instrumentation Laboratories 113 blood-gas analyser using appropriate correction for the temperature of the animal (Hedley-White, Radford and Laver, 1966; Severinghaus, 1966) . Oxygen saturation and haemoglobin were measured directly with an Instrumentation Laboratories Co-oximeter model No. 182. Oxygen consumption was measured directly using a Collins 9-litre spirometer (with CO, absorption) connected in a closed system with the ventilator. Values were corrected to STPD. Cardiac output was calculated from the Fick equation.
The shunt ratio (Qs/Qt) was determined with values of arterial and mixed venous oxygen contents using the standard formula (Comroe, 1965) Measurements were made in each animal before and after haemorrhage of 15-20 ml/kg or transfusion of 15-20 ml/kg of uncrossmatched donor dog blood. Two sets of measurements were made during hypovolaemia, hypervolaemia and "normovolaemia", the order being randomized.
Pulmonary oedema.
In an additional 12 mongrel dogs (wt range 17-23 kg), following control measurements, pulmonary oedema was produced by the slow injection of 0.08-0.1 ml/kg of oleic acid into the right ventricle. After 1-H hours, two sets of measurements were made during hypovolaemia of 15-20 ml/kg, "normovolaemia" and hypervolaemia of 15-20 ml/kg in a random order. To compensate for fluid losses, normal saline was infused at a rate of 150 ml/hr.
Bypass study.
To assess the possible effects of change in mixed venous oxygen saturation on Qs/Qt, experiments were performed on 11 healthy adult mongrel dogs (wt range 17-20 kg). The composition of venous blood returning to the heart was altered by means of an extracorporeal circuit ( fig. 1 ). The withdrawal catheters comprised two large-bore plastic tubes, one inserted via the left jugular vein, the other inserted via the femoral vein so that the tip lay at the junction of the iliac veins. Blood was withdrawn by a roller pump which fed a reservoir, the level of which was maintained to ensure that the volume of fluid in the extracorporeal circuit was constant. From the reservoir, blood was pumped into a disc oxygenator and thence via a Sams pump into a large Portex catheter inserted through the left femoral vein into the inferior vena cava to the level of the diaphragm. The reservoir and circuit were primed in advance with 500 ml of Ringer lactate, 500 ml of Dextran 70 in 0.9% NaCl and 1000 ml uncrossmatched donor dog blood, together with 50 m.equiv NaHCO 3 and 4000 units of sodium heparin. In addition, each dog received 3000 units of heparin 3-hourly. A plastic catheter was placed in the aorta and a No. 5 Swan-Ganz catheter in the pulmonary artery.
The mode of anaesthesia was similar to that used in the previous experiments and each dog was ventilated with 100% oxygen throughout the experiment which lasted 3-5 hours. Arterial pressure, pulmonary artery and wedge pressure, and arterial and mixed venous blood-gases and pH were measured as before. Cardiac output was measured by the dye dilution technique employing indocyanine green and a Gilford cuvette densitometer.
Changes in mixed venous O 2 content were effected by passing either 95% O 2 /5% CO 2 or 95% N,/5% CO 2 through the "oxygenator". At least 10 min at a bypass flow of 400-800 ml/min elapsed after oxygenation or deoxygenation before measurements were made. Between three and five pairs of measurements were made in each animal.
In 7 of these animals, pulmonary oedema was then induced by the slow injection of oleic acid, 0.04 ml/kg through the Swan-Ganz catheter positioned in the right ventricle for this purpose. After 1-11 hours, measurements were made with either O, or N 2 flowing through the oxygenator.
In all experiments, the animal's temperature was kept at 37 + 1°C by adjustment of the extracorporeal circulation and a heating blanket.
Statistical analysis was carried out with Student's f-test for paired data.
RESULTS
The two measurements made at each blood volume were averaged and the means of these values in all dogs are shown in table I for the 6 normal dogs, and in table II for the 12 dogs that received oleic acid.
In normal dogs, hypovolaemia was accompanied by a decrease in cardiac output from 2.33 to 1.35 l./min (table I) and a reduction in Qs/Qt from 9.8 to 6.4%. Pulmonary artery pressure, wedge pressure and mixed venous oxygen saturation all decreased significantly (P<0.05). During hypervolaemia, there was an increase in the value of all these measurements from the normovolaemic level but none reached a level of statistical significance. There were no changes in heart rate or mean arterial pressure.
Similar changes were observed in the presence of pulmonary oedema (table II) . A reduction in cardiac output was accompanied by a decrease in Qs/Qt from 29 to 21.6% and a reduction in mean pulmonary artery and wedge pressure as well as mixed venous Po 2 . There were no significant changes in heart rate but arterial pressure was significantly lower during hypovolaemia (125 mm Hg) than "normovolaemia" (143 mm Hg).
Bypass study.
The results are summarized in table III. Alteration of the mixed venous oxygen tension produced no significant change in pulmonary artery or wedge pressure or cardiac output. There was no significant change in mixed venous Pco 2 in the normal lungs, but there was a small change in mixed venous pH in normal and abnormal lungs. Pulmonary shunt ratio increased significantly from 7.9 to 10.1% (mean difference 2.17%, SE 0.33) on changing mixed venous oxygen saturation from 50 to 70% (mean difference 19.9%, SE 3.12) in the normal lungs, and from 26 to 29% (mean difference 3.1%, SE 1.1) on changing Sv 02 from 32 to 59.3% (mean difference 26.8%, SE 3.4) in oedematous lungs.
DISCUSSION
In the present study, we have shown that a reduction in cardiac output by hypovolaemia in dogs both with normal lungs and with experimental pulmonary oedema is associated with a considerable fall in Sv O2 but little change in arterial Po 2 and a reduction in Qs/Qt. This is confirmatory of previous work by Freeman and Nunn (1963) , Gerst, Rattenborg and Holaday (1959) and Wahrenbrock et al. (1970) .
If oxygen consumption remains constant, as cardiac output falls, mixed venous oxygen content falls. In the presence of a constant Qs/Qt and a constant alveolar and pulmonary end capillary Po 2 , the oxygen content of arterial blood would fall also. This concept has lead to models for predicting the change in Pa 0 , resulting from changes in cardiac output at a given Qs/Qt Marshall and Wyche, 1972) . In addition, it has been demonstrated clinically that increases in cardiac output induced by CO, have been associated with rises in Pa 02 , as predicted by the model . In contrast, a fall in cardiac output, induced by pentolinium, was not associated with a fall in Pa 02 in dogs, implying that Qs/Qt decreased concomitantly (Leigh and Tyrrell, 1969) . Several studies have produced data on the effect of change in cardiac output on intrapulmonary shunting but interpretation is often complicated by possible direct effects of pharmacological agents on the pulmonary vasculature. In man, a substantial increase in cardiac output produced by elevation of Pa co , was without effect on Qs/Qt during halothane (Prys-Roberts et al., 1968) and enflurane (Marshall et al., 1971) anaesthesia. However, Michenfelder, Fowler and Theye (1966) found that increased P C02 could lead to a fall in Qs/Qt and rise in Pa 02 in the absence of cardiac output changes and also that increased cardiac output was accompanied by similarly directed change of shunting "interacting with and at times over-riding the apparent direct 'effect' of CO 2 ". An explanation for these discrepancies may be derived from pulmonary perfusion experiments in the bovine lung in situ in which it was shown that acidaemia accentuates the pulmonary vasoconstriction induced by hypoxia (Silove, Inoue and Grover, 1968) . Similar findings have been obtained in excised dog lungs (Lloyd, 1966) .
In the abnormal lung, a positive correlation has been found between Qs/Qt and cardiac output in patients with existing high intrapulmonary shunting due to chronic obstructive pulmonary disease or acute infection (Hedley-White, Pontoppidan and Morris, 1966) and in patients with acute oedematous cor pulmonale (Penman, Howard and Stentiford, 1968) . In the present study, a similar finding has been obtained in induced pulmonary oedema, whereas in the presence of acute collapse of one lower lobe, an increase in Qs/Qt was found to occur with haemorrhagic hypotension (Wahrenbrock et al., 1970) . It was suggested that in the atelectatic lobe, a fall in left atrial pressure induced by hypovolaemia allowed relatively improved perfusion through the lobe (Wahrenbrock et al., 1970 ).
There are many factors which are known to regulate the calibre of pulmonary blood vessels including the pattern of distribution of pulmonary blood flow, pulmonary arterial, left atrial and alveolar pressures, together with hypoxia, CO 2 , pH, temperature and catecholamines. In the present study, both pulmonary artery wedge pressure and pulmonary artery pressure fell with hypovolaemia. However, there was a relatively poor correlation between driving pressure (Pa-Paw) and Qs/Qt.
It is possible that hypovolaemia causes a reduction in mean airway pressure and improved perfusion in Zone II (West and Dollery, 1965; West, Dollery and Naimark, 1964) , thereby accounting for a fall in Qs/Qt with a reduction in cardiac output. However, in a similar study on artificially ventilated greyhounds, subjected to changes in blood volume of greater magnitude than in the present study, hypovolaemia was accompanied by a non-significant change in mean airway pressure of 0.3 cm H 2 O whilst Qs/Qt fell significantly (Sykes et al., 1970) .
In the bypass studies described here, an attempt was made to assess the effect of the mixed venous Po 2 on Qs/Qt by altering the Pv 02 experimentally whilst stabilizing as many other factors as possible. Fortunately, perhaps, cardiac output and vascular pressures were unaffected by changes in Pv 02 though pHv increased slightly. Increased oxygenation of mixed venous blood was associated with an increase in Qs/Qt and a small fall in pH in both normal and abnormal lungs. It is unlikely that the change in pH was responsible for the change in shunt as acidaemia has been shown to potentiate the vasoconstriction of hypoxaemia (Silove, Inoue and Grover, 1968) which could cause an effect opposite to that seen. The acidaemia might be expected to diminish blood flow through areas acting as functional shunts, but in fact the shunt increased with the slight reduction in mixed venous pH.
Our bypass studies showed that a change of 20% in mixed venous saturation accounted for a change of 2.2% in shunt in normal lungs. In abnormal lungs, a 27.1% change in Sv O2 was accompanied by a 3.1% change in Qs/Qt (table III) . During hypovolaemia, however, a change in Sv 02 of 16% was accompanied by a change of 3.4% in Qs/Qt in normal lungs, whilst in pulmonary oedema a change of 12.6% in Sv O2 was associated with a change of 7.4% in Qs/Qt. This suggests that changes in mixed venous oxygenation may contribute a small, perhaps constant amount to the regulation of distribution of pulmonary blood flow during altered cardiac output. We postulate that the decrease in Sv 02 increased pulmonary vasoconstriction and diminished the amount of blood flow through atelectatic areas. An increase in Sv 02 caused vasodilatation of the otherwise constricted blood vessels in atelectatic hypoxic areas of the lung thereby increasing perfusion of the atelectatic areas. If this hypothesis is correct, it is necessary to postulate that a 3% change in shunt was not of sufficient magnitude to be accompanied by measurable changes in resistance as there was no change in pulmonary vascular resistance on altering mixed venous saturation in the bypass study.
